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ABSTRACT 

We present the properties of a large sample (12,282) of nearly face-on low surface 
brightness (LSB) disk galaxies selected from the main galaxy sample of SDSS-DR4. 
These properties include -B-band central surface brightness Ho{B), scale lengths h, 
integrated magnitudes, colors, and distances D. This sample has HoiB) values from 22 
to 24.5 mag arcsec"^ with a median value of 22.42 mag arcsec"^, and disk scale lengths 
ranging from 2 to 19 kpc. They are quite bright with Mb taking values from -18 to -23 
mag with a median value of -20.08 mag. There exist clear correlations between \ogh 
and Mb, logh and logD, logD and Mb- However, no obvious correlations are found 
between ijlo{B) and log/i, colors etc. The correlation between colors and logft, is weak 
even though it exists. Both the optical-optical and optical-NIR color-color diagrams 
indicate that most of them have a mixture of young and old stellar populations. 
They also satisfy color-magnitude relations, which indicate that brighter galaxies tend 
generally to be redder. The comparison between the LSBGs and a control sample of 
nearly face-on disk galaxies with higher surface brightness (HSB) with ^J.o{B) from 
18.5 to 22 mag arcsec"^ show that, at a given luminosity or distance, the observed 
LSB galaxies tend to have larger scale lengths. These trends could be seen gradually 
by dividing both the LSBGs and HSBGs into two sub-groups according to surface 
brightness. A volume-limited sub-sample was extracted to check the incompleteness 
of surface brightness. The only one of the property relations having an obvious change 
is the relation of logh versus i-io{B), which shows a correlation in this sub-sample. 

Key words: galaxies: distances and redshifts - galaxies: fundamental parameters - 
galaxies: photometry - galaxies: spiral - galaxies: stellar content 



1 INTRODUCTION 

Low surface brightness galaxies (LSBGs) are galaxies that 
emit much less light per area than normal galaxies. Yet, 
owing to their faintness compared with the night sky, they 
are hard to find. Hence their contribution to the local galaxy 
population has been underestimated for a long time. It has 
been suggested that LSBGs may comprise up to half of the 
local galaxy population (McGaugh et al. 1995). 

The discovery and searching history of the LSBGs and 
the understanding on them have been summarized by Impey 
& Bothun (1997) and Bothun et al.(1997). The first quan- 
titative suggestion about LSBGs is the so-called Freeman's 
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law. It was noticed by Freeman (1970) that the central sur- 
face brightness of 28 out of 36 disk galaxies fell in the range 
of ^o(B)=21.65±0.3 mag arcsec"'^. This could be caused by 
selection effects (Disney 1976; Zwicky 1957). 

The successful hunting for very diffuse galaxies (Roman- 
ishin et al. 1983 (from UGC); Sandage et al. 1984; Ellis et 
al. 1984; Bothun et al. 1987) prompted some new surveys. 
The first one was based on the second Palomar Sky Sur- 
vey (POSS-II, Schombert and Bothun 1988; Schombert et 
al. 1992). A second one was initiated in the Fornax cluster 
using the Malinization technique in order to compare the re- 
sults to Virgo (Bothun et al. 1992; Caldwell & Bothun 1987). 
The third one used the Automated Plate Measuring (APM) 
to scan UK Schmidt plates using an algorithm optimized to 
find LSB galaxies. This formed the most extensive catalog 
of LSB galaxies to that date (Impey et al. 1996). Morshidi- 
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Esslinger et al. ( 1999a, b) extended such sample. The "Texas 
survey" (O'Neil et al. 1997a,b) increases the surface density 
of LSBGs in the general field, in which they firstly found the 
red LSB galaxy populations. 

Following these catalogs, various aspects of LSBGs have 
been investigated. Especially, in a series of publications, Im- 
pey and his colleagues analyzed their APM survey sample 
(693 field galaxies in various morphologies, see Impey et al. 
1996; Sprayberry et al. 1996; Sprayberry et al. 1997; Im- 
pey et al. 2001; Burkholder et al. 2001). Numerous other 
studies about LSBGs have been done based on smaller sam- 
ples, relating to surface photometry and color distributions 
(McGaugh & Bothun 1994; de Blok et al. 1995; O'Neil et 
al. 1997a) ; number, luminosity and mass density (McGaugh 
1996); AGN properties (Mei et al. 2008); and in the optical 
(Beijersbergen et al. 1999; Bergvall et al. 1999; Galaz et al. 
2006, Zackrisson et al. 2005, Pizzella et al. 2008), near-IR 
(NIR, Bergvall et al. 1999; Galaz et al. 2002,2006; Monnier 
Ragaigne et al. 2003, Zackrisson et al. 2005), infrared (Hinz 
et al. 2007) and UV (Boissier et al. 2008) wavelengths. In 
addition, Kniazev et al. (2004) developed a method to search 
for LSBGs from modern survey and used the sample of Im- 
pey et. al. (1996) to test their method. 

These studies show that LSBGs may be unevolved sys- 
tems with low metallicity (McGaugh 1994; de Blok & van 
der Hulst 1998a; O'Neil et al. 1998; BeU et al. 2000), low 
stellar formation rate (van der Hulst et al. 1993; van Zee et 
al. 1997), small stellar density, a relatively high gas fraction 
(de Blok et al. 1996; McGaugh & de Blok 1997) and large 
amounts of dark matter (de Blok & McGaugh 1997) . Despite 
these impressive progresses, there are still several challenges 
about LSBGs, such as many aspects of their formation and 
evolution, in particular, considerable uncertainty regarding 
their star formation history and so on. Moreover, the previ- 
ous studies were based on small samples, up to about several 
hundreds, while the present modern digital sky surveys, such 
as the Sloan Digital Sky Survey (SDSS), greatly improved 
the observed numbers of astronomical objects, and could 
provide a much larger sample of LSBGs, hence giving much 
more information. Therefore, we propose a project to search 
for a large sample of LSBGs from the SDSS database, and 
then to study their properties in detail. 

In this first paper of our series about the large sam- 
ple of LSBGs selected from the SDSS, we will present how 
to select the sample and then show their basic properties 
and stellar populations from photometric colors. Then, we 
will present their spectroscopic properties (Liang et al. 2008, 
Chen et al. 2008, in preparation) and their detailed surface 
photometry and color gradients (Zhong et al. 2008, in prepa- 
ration) etc. This paper is organized as follows. In Sect. [51 
we describe how to select the sample. In Sect. 3, we present 
the relations between some property parameters. In Sect. 4, 
we compare the LSBGs with the HSB disk galaxies sam- 
ple selected simultaneously. In Sect. 5, we discuss the incom- 
pleteness of the sample at the low surface brightness end 
and present the property relations of a volume-limited sub- 
sample. In Sect. 6, we do cross correlation for the sample 
with the 2MASS database to obtain their optical and NIR 
color-color diagrams and the color-magnitude relations. The 
discussions and conclusions are given in Sect. 7. Throughout 
the paper, a cosmological model with Ho—70 km s~^ Mpc~^, 



S^Af=0.3 and Q\—0.7 is adopted. The units of surface bright- 
ness is mag arcsec"^. 



2 THE SAMPLE 

The SDSS is the most ambitious astronomical survey ever 
undertaken in imaging and spectroscopy (York et al. 2000; 
Stoughton et al. 2002; Abazajian et al. 2003, 2004). The 
imaging data are done in drift scan mode and are 95% com- 
plete for point sources at 22.0, 22.2, 22.2, 21.3, and 20.5 in 
five bands (u, g, r, i and z) respectively. The spectra are 
fiux- and wavelength-calibrated with 4096 pixels from 3800 
to 9200 A at i? 1800. 

The sample used in this work is selected from the main 
galaxy sample (MGS) of SDSS-DR4 (Strauss et al. 2002), 
which comprises galaxies with r-band Petrosian magnitude 
r ^17.77 (corrected for foreground Galactic extinction using 
the reddening maps of Schlegel et al. 1998) and r-band Pet- 
rosian half-light surface brightness /iso ^24.5 mag arcsec"^. 
This sample has a median redshift of about 0.10. 

The MGS is a spectroscopic sample selected from the 
SDSS photometric data. The completeness for objects with 
spectroscopy observations is high, exceeding 99%, and the 
fraction of galaxies eliminated by surface brightness cut is 
very small (~ 0.1%). The only significant source of incom- 
pleteness identified is bending with saturated stars, which is 
higher for higher brightness because they subtend more sky 
(Strauss et al. 2002). Relative to aU the SDSS targets, the 
SDSS spectroscopic survey is 90% complete (Blanton et al. 
2003; Hogg et al. 2004; Strauss et al. 2002; Mcintosh et al. 
2006). The 7% incompleteness coming primarily from galax- 
ies missed due to fiber collisions since the minimum sepa- 
ration of fiber centers is 55" (Blanton et al. 2003). It does 
lead to a slight underrepresentation of high-density regions 
(Hogg et al. 2004), however, where bright early- type galaxies 
usually dominate. Additionally, there are a small faction of 
redshift failures (~ 1%) and some bright star contamination 
(~ 2%) that becomes more significant for brighter galax- 
ies (Strauss et al. 2002; Mcintosh et al. 2006). However, the 
completeness of the sample at the low surface brightness end 
needs to be discussed carefully because of the known prob- 
lem of surface brightness limit in a redshift survey and the 
focus of our work on the low surface brightness ones. We will 
specially discuss this incompleteness in Sect. [5] and will ex- 
tract a volume-limited sub-sample, which is complete, from 
our whole sample galaxies to check what changes appearing 
in the related properties of the galaxies. 

We prefer to use the DR4 rather than the latest DR6 
here. That is because DR4 has been large enough for sta- 
tistical analysis of LSBGs; other property parameters for 
galaxies in DR4 have also been obtained by the MPA/JHU 
groufQ, such as the emission- line measurements etc.; and the 
NYU-VAGCQ catalog (Blanton et al. 2005) has made some 
useful cross correlations with other survey databases. These 
can provide us more information on both photometry and 
spectroscopy. Our sample galaxies are selected as follows. 
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2.1 The whole sample: the nearly face-on disk 
galaxies 

To obtain reliable surface brightness values of the disk galax- 
ies and minimize the effect of dust extinction inside the 
galaxies, we select the nearly face-on disk galaxies as a work- 
ing sample by following the criteria below. 

(i) fracDeVr < 0.25 

The parameter fracDeVr indicates the fraction of lumi- 
nosity contributed by the de Vaucouleurs profile relative to 
exponential profile in the r-band. The topic in this work 
focuses on disk galaxies, whose surface brightness profiles 
usually can be well described by an exponential formula 
(e.g., Bernardi et al. 2005; Chang et al. 2006b; Shao et al. 
2007). Therefore, we select the sample galaxies almost hav- 
ing an exponential light profile by requiring their fracDevr 
< 0.25. This can minimize the effect of bulge light on the 
disk galaxies. Using this selection criterion, we can obtain 
111,479 (~28%) objects from the total 401,007 galaxies in 
the SDSS-DR4 main galaxy sample. 

(ii) b/a > 0.75 

To select nearly face-on galaxies, we also require objects 
with the axis ratio 6/a>0.75 (corresponding to the inclina- 
tion i <41.41 degree), where a and b are the semi-major and 
semi-minor axes of the fitted exponential disk respectively. 
After this step is applied, 32,226 (~29% of 111,479) galaxies 
are left. 

(in) Mb < -18 

Keeping the B-band absolute magnitude Mb < -18 in 
mind excludes the few dwarf galaxies contained in the sam- 
ple. The B-band absolute magnitude Mb is calculated using 



M ^ m 5log{DL) - K{z) 



(1) 



where m is the apparent magnitude that corrected for Galac- 
tic extinction using the reddening maps of Schlegel et al. 
(1998), Dl is the luminosity distance calculated by using 
the Local Group relative redshift values from the NYU- 
VAGC catalog (Blanton et al. 2005, see Sect.|3TT|. The K- 
correction K{z) are calculated by using the A'-corrections 
program given on the NYU-VAGC website (Blanton et al. 
2005). Finally, we obtain 30,333 galaxies as our whole sample 
after excluding ~6% of 32,226 nearly face-on disk galaxies 
by this criterion. 



2.2 The subsamples: the LSBGs and HSBGs 

A commonly used parameter to classify a galaxy to be one 
with low (or high) surface brightness is its _B— band cen- 
tral surface brightness fio(B). In this work, we adopted 
/^o(B)Js22 mag arcsec"'^, a commonly applied criterion 
(Boissier et al. 2003), as LSBGs and fj,o{B)<22 mag arcsec"^ 
as high surface brightness galaxies (HSBGs) following Im- 
pey, Burkholder & Sprayberry (2001) and O'Neil et al. 
(1997a,b). 

The surface brightness profiles of disk galaxies are well 
approximated by an exponential disk profile with the form: 



E(r) = Eoexp( ) 



(2) 



where Eo is the surface brightness of the disk in units of 
Mq pc~^ and a is the disk scale-length measured in units of 
arcsec. In the logarithmic units, this equation becomes: 
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Figure 1. Histogram distribution of the selected nearly face-on 
disk galaxies (30,333) in B-band central surface brightness fio{B). 
The whole sample is divided into two parts: the white region 
with Ato(-B) ^22 mag arcsec'^ as the LSBGs (12,282), and the 
shadowed region with lJ,o{B) <22 mag arcsec"^ as the HSBGs 
(18,051). 



/ir = Mo + 1.086(-) 



(3) 



where /jq is the central surface brightness in mag arcsec"^. 

In the analysis, the disk is assumed to be infinitely thin. 
The total fiux is given by: 



Ftot 



27ra En. 



(4) 



Then, the total apparent magnitude can be determined from 
this equation. Converting this to a logarithmic scale is: 



fio = m + 2.5 log (27ra ), 



(5) 



where m refers to the total apparent magnitude and refers 
to the central surface brightness. 

The central surface brightness is corrected by inclina- 
tion and cosmological dimming effects by following: 

Ho = m-(-2.51og(27ra^) +2.51og(6/a) - 101og(l + z), (6) 

where z is the redshift of the target. 

The _B-band (also U, V, R) central surface brightnesses 
and magnitudes of the SDSS galaxies can be calculated from 
the g and r-band quantities by using the conversions pro- 
vided by Smith et al. (2002). The histogram distribution 
of pio(B) for our selected whole sample (30,333 galaxies) 
is shown in Fig. [T] The blank histogram is for the LSBGs 
and the shadowed one is for the HSBGs with the separating 
value of 22 mag arcsec"'^. We call the LSBGs as Sample- 
L and the HSBGs as Sample-H in this work. Sample- 
L includes 12,282 (~40%) galaxies with 22s;^io(B)5S24.5 
mag arcsec"^ with median and mean values of 22.42 and 
22.50 mag arcsec"'^ respectively. Sample-H includes 18,051 
(~60%) galaxies with 18.5^/io(-B)<22 mag arcsec"^ with 
median and mean values of 21.41 and 21.29 mag arcsec"'^ 
respectively. Since the LSBGs are the major topic of this 
paper, we will carefully present the properties of Sample-L 
in Sect. |3] and roughly compare the HSBGs with the LS- 
BGs in Sect.|4l However, when looking for the relations of 
some property parameters with surface brightness, it is use- 
ful to show all of the sample, including LSBGs and HSBGs, 
therefore, in Sect. 3. 2 we present both the LSBGs and HS- 
BGs in the relations of ms, distance, Mb with /io(B). The 
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cross-correlations with near infrared 2MASS data will be 
emphasized in Sect. |6] 



3 PROPERTY PARAMETERS AND 

RELATIONS OF THE LARGE SAMPLE OF 
LSBGS 

Some property parameters of LSBGs have been obtained 
and discussed in previous work, such as Impey et al. (1996, 
2001), de Blok et al. (1995), Bothun et al. (1997), Galaz et 
al. (2002, 2006) etc. In this section, we present some prop- 
erty parameters and relations for our Sample-L (the LSBGs) 
and compare them with the previous results. The Sample-H 
(HSBGs) are also given in the relations of ms, distance, Mb 
with /io(B) (see Sect. 3. 2 and Fig.[3|, which is useful to show 
the entire sample. 

3.1 The histogram distributions of some property 
parameters 

We show the distributions of some property parameters of 
our LSBGs in Fig. (2] Fig. [2^ shows the histogram distri- 
bution of their redshift z obtained from the NYU-VAGC 
catalog (Blanton et al. 2005), which are the peculiar veloc- 
ity corrected Local Group relative redshifts from SDSS. It 
shows that the redshifts are from to 0.3 with median and 
mean values of 0.080 and 0.089, respectively. Fig. [2]3 shows 
the histogram distributions of the disk scale-length a in arc- 
sec, and Fig. [5}; shows the histogram distributions of the 
disk scale-length h in kpc. The range of a is from 2 to 13 
arcsec with median and mean values of 3.78 and 4.19 arc- 
sec, and h is from 2 kpc to 19 kpc with median and mean 
values of 5.98 and 6.30 kpc, respectively. The scale lengths 
of LSBGs investigated here are in the same ranges as in Mc- 
Gaugh (1992) and de Blok et al. (1995). Fig. [31 shows the 
histogram distribution of the _B-band absolute magnitudes, 
which is calculated using Eq. ((!]). It shows that the LSBGs 
are not necessary faint galaxies, but rather they are quite 
bright, Mb is from -18 to -23 mag with the median and 
mean values of -20.08 and -20.06 mag, respectively. 

3.2 Distributions of some property parameters 
with B-band central surface brightness 

We present the relations between the total _B-band appar- 
ent magnitudes, distance, absolute magnitude Mb and the 
i?-band central surface brightness fio{B) for Sample-L and 
Sample-H. 

3.2.1 central surface brightness and apparent magnitude 

Figure [5^ presents the relations between the _B-band appar- 
ent magnitudes and the _B-band central surface brightness 
HoiB). The vertical lines separate the LSBGs and HSBGs 
with fio{B)=22 mag arcsec"^. It shows that these galaxies 
have the ms from 14 to 19 mag. At a given magnitude, 
most galaxies are detectable over a wide range of surface 
brightnesses, for example, 18</io(B)<24.5 mag arcsec"^ at 
ma = 18 mag. There exists almost no correlation within the 
ranges. Some objects missed probably at faint no could be 
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Figure 2. Histogram distributions of some property parameters 
of Samplc-L (the LSBGs): (a), the redshift, obtained from NYU- 
VAGC catalog and is the peculiar velocity-corrected Local Group 
relative redshift from SDSS; (b). the disk scale length (the disk 
semi-major axis) in arcsec as a; (c). the disk scale length (the 
radius) in kpc as h; (d). the _B-band absolute magnitude Mb, 
which obviously shows that LSBGs does not necessarily have low 
luminosity, and the LSBGs can be very luminous. 

due to the poor contrast with the sky brightness. These re- 
sults are similar to those shown by the samples of APM 
survey (693 LSB field galaxies) given by Impey et al. (1996). 

3.2.2 central surface brightness and distance 

Figure [^Jj presents the distribution of the distance versus 
/io(B) of the sample galaxies. For the LSBGs, the left part of 
the vertical line, it shows that the range of surface brightness 
for the nearest galaxies is substantially larger than that for 
the more distant galaxies. We expect this to influence sur- 
face brightness selection, where galaxies with higher surface 
brightness could be seen at the largest distances (Disney & 
Phillips 1983, Impey et al. 1996). But for the HSBGs, the 
right part of the vertical line, it does not obviously show 
such trend. This may mean that the selection bias affects 
much the LSBGs. This distribution is consistent with that 
of the sample in the APM survey presented by Impey et al. 
(1996). However, the volume-limited sub-sample of LSBGs 
do not show such a trend (see Sect. 5). 

3.2.3 central surface brightness and absolute magnitude 

Figure ^ presents the distribution of the absolute B-band 
magnitudes versus jJ,o{B) of the sample galaxies. The left 
part from the vertical line is for the LSBGs. There exists 
a correlation among them showing that the fainter galax- 
ies tend to have lower surface brightnesses though there 
is large scatter. It also shows over the whole range of 
22</io(_B)<24.5 mag arcsec"^, galaxies are being discovered 
over the entire range of -23<Mfl<-18 mag. The right part 
from the vertical line is for the HSBGs, which show that 
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Figure 3. Distributions of some property parameters with lJ,o{B) 
for our LSBGs (the left part of the vertical line) and HSBGs (the 
right part of the vertical line): (a), the total B-band apparent 
magnitudes; (b). the distance of the galaxies; (c). the S-band 
absolute magnitudes. The solid lines are the median-value points 
within the bins of 0.10 of fJ,o{B) less than 23.6 mag arcsec"^, 
and we take fioiB) greater than 23.6 mag arcsec"^ as one bin 
because there are very few sources. The lines refer to the median- 
value points within the bins. 



there is no obvious correlation between their Mb and fio{B). 
This could mean that the selection bias affects the LSBGs 
greatly. These are also similar to that presented by the APM 
sample given by Impey et al. (1996). 

3.3 Distributions of some property parameters 
with disk scale length and distance 

Some of the previous studies have shown there are obvious 
correlations between the luminosity and disk scale length 
log/i (Impey et al. 2001; Bergvall et al. 1999), distance logD 
and disk scale length log/i (Impey et al. 2001) for LSBGs. 
These relations become more clear from our much larger and 
homogeneous sample. 

3.3.1 disk scale length and luminosity 

We show the relation between absolute magnitudes Mb and 
disk scale length log/i for our Sample-L in Fig. U It can be 
seen that there is a very clear correlation between them, 
which can be fitted by a least-square fit as 



-21 -ao 

(mag) 



Figure 4. Relations of the LSB sample galaxies about their disk 
scale length in logarithm versus _B-band absolute magnitudes. The 
solid line refers to the least-square fit for the sample galaxies given 
by Eq.((7ll. The Spearman- Rank Order correlation coefficient is - 
0.893. 



with a small standard deviation of 0.070 dex. The Spearman- 
Rank Order correlation coefficient is -0.893. 

This correlation has been shown in Impey et al. (2001, 
for their 238 galaxies from APM) and Bergvall et al. (1999, 
for the gathered samples from literature), but is more ob- 
vious for our larger and homogeneous sample. It shows 
brighter galaxies tend to have larger scale lengths. 

It is worth comparing such relations of our LSBGs with 
the corresponding relations of HSBGs. They show some dis- 
crepancies, which will be specially discussed in Sect.]?] 

3.3.2 disk scale length and distance 

Our LSBGs sample also show a very clear correlation be- 
tween their distance and disk scale length, which is given in 
Fig. [5] This correlation can be given by a least-square fit as: 



log ft = 0.511(±0.004) log_D - 0.536(±0.010), 



(8) 



with the standard derivation of 0.10 dex. The Spearman- 
Rank Order correlation coefficient is 0.767. 

This relation obviously show the selection effect, i.e., 
in the more distant Universe, the galaxies with larger scale 
lengths have the benefit that they can be detected and ob- 
served. 



3.3.3 distance and luminosity 

Figure |6] shows the distribution between the distance logD 
and the _B-band absolute magnitude Mb. It could be seen 
that there is an obvious correlation between them, though 
there is some scatter. This correlation can be shown by a 
least- square fit as: 



log_D = -0.211(±0.001)Mb - 1.675(±0.025), 



(9) 



log ft = -0.150(±0.0007)AfB - 2.245(±0.014), 



(7) 



with the standard derivation of 0.13 dex. The Spearman- 
Rank Order correlation coefficient is -0.847. 

This correlation show the selection effects of the sur- 
vey observation. That means the brighter galaxies can be 
observed at larger distances, and the relatively fainter ones 
can only be observed at smaller distances. 



6 Zhong et al. 




2-5 

log D (Mpc) 



24 23-5 23 22-5 
(mag arcsee"^) 



Figure 5. Relations of the LSB sample galaxies about their dis- 
tance versus disk scale length. The solid line refers to the least- 
square fit for the sample galaxies given by Eq. ^ . The Spearman- 
Rank Order correlation coefficient is 0.767. 



Figure 7. Distribution of the disk scale length versus the -B-band 
surface brightness for our LSBGs. The solid line is the median- 
value points within the bins that is the same as Fig. |3] 
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Figure 6. Distribution of the distance log.D and the i3-band 
absolute magnitude Mb for our LSBGs. The solid line refers to 
the least-square fit for the sample galaxies given by Eq. (|9]l. The 
Spearman-Rank Order correlation coefficient is -0.847. 



3.3.4 disk scale lengths and central surface brightness 

Figure [7] shows the distribution between disk scale length 
log/i and the central surface brightness ^o{B), which does 
not show obvious correlation. This result is consistent with 
those of Beijerbergen et al. (1999) and O'Neil et al. (1997b) 
for smaller samples. 



3.4 Relations between colors and disk scale 

length, colors and central surface brightness 

In this section we show the relations between colors and disk 
scale length, as well as between colors and central surface 
brightness for the LSBGs. 



3.4.1 colors and disk scale lengths 

Figure [8^ presents the distribution between {B — V) color 
and disk scale length of our large sample of LSBGs. The 
correlation between them is weak even though it exists, and 
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Figure 8. (a). Distribution of .B — V color as a function of disk 
scale length for the Sample-L. The solid line is the median-value 
points within the bins of 0.10 of logh from 0.5 to 1.0 {h in kpc). 
But log/i less than 0.5 or greater than 1.0 {h in kpc) as one bin, 
respectively, since the sources are very few in those two bins. (b). 
Distribution o{ B — V color as a function of -B-band central surface 
brightness for the Sample-L. The solid line is the median- value 
points within the bins that is same as Fig. [3] 



the Spearman-Rank Order correlation coefficient between 
them is only 0.302. Our result is not much different from 
the previous studies on small samples (e.g., de Blok et al. 
1995; Beijersbergen et al. 1999), which showed the colors do 
not depend on sizes of LSBGs. But Bergvall et al. (1999) 
have showed an obvious correlation for a small sample of 
spirals, large LSBGs and their blue LSBGs. 
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Figure 9. Relations between disk inclination and colors of the 
Sample-L: (a). U — B, (b). B — V . The solid lines are the least- 
square fits for the data, which show almost no slopes. 



Figure 10. U — B versus B — V diagram of our LSBGs. The solid 
and dashed lines are taken from O'Neil et al. (1997b) to define 
the "very blue" and "very red" populations of galaxies (see text) . 



3.4-2 colors and central surface brightness 

Figure [SJj presents the distribution between the {B — V) col- 
ors and central surface brightness fio(B) for our Sample-L, 
which does not show obvious correlation in the whole ranges 
of the two parameters. The results presented from smaller 
samples of LSBGs studied by Beijersbergen et al. (1999), de 
Blok et al. (1995) and Bothun et al. (1997) are consistent 
with our result here from a large sample of LSBGs. 

3.5 The optical color-color diagram and stellar 
populations 

3. 5. 1 The negligible affect of dust extinction on colors 

In this work, we have selected the nearly face-on disk galax- 
ies to minimize the affection of dust extinction. Thus their 
properties of stellar population won't be affected much by 
dust extinction, which could be confirmed by the indepen- 
dence of the colors with inclination. Fig. |9] shows such inde- 
pendence of the LSB sample galaxies (12,282). Indeed the 
HSB sample galaxies present similar independence, which 
were not presented as plots here to save space. Addition- 
ally, we also do cross-correlations for these nearly face-on 
disk galaxies with the IRAS infrared PSCz catalog within 
a range of 5 arcsec, but only find very few IR-detected ob- 
jects, which also confirm the negligible affect of dust on their 
properties. This negligible affect of dust on colors is consis- 
tent with other studies (e.g., Bell et al. 2000; Galaz et al. 
2006). 

3.5.2 UBV diagram and stellar populations 

O'Neil et al. (1997a, b) have performed a digital survey for 
LSBGs in the spiral-rich Cancer and Pegasus clusters as 
well as the low density regime defined by the Great Wall 
(the "Texas survey"). They found a total of 127 galaxies of 
angular diameter larger than 15 arcseconds with fio{B)^22 
mag arcsec"^. They discussed the stellar populations of this 
sample of LSBGs by optical color-color relations and firstly 
found the very red population of LSBGs. They divided the 
galaxies into three categories: the very blue (with {U ~ B) < 



-0.2, (B-V) < 0.6), the very red (with [U - B) > 0.3, {B - 
V) > 0.8), and the rest that have other color values. 

In our Fig. 1101 we shows the [U — B) vs. (B — V) diagram 
for our Sample-L. The average values of our sample galaxies 
are < [U-B) >= -0.0012±0.08, <{B-V) >= 0.64±0.06 
in the ranges of -0.6 {U-B) ^ 0.6 and < (B-V) < 1.2. 
These are not very different from O'Neil's sample, and is 
similar to those of Romanishin et al. (1983) and McGaugh 
& Bothun (1994) as weU. 

We also plot the separation lines suggested by O'Neil et 
al. (1997a,b) for the "very blue" and "very red" LSBGs in 
Fig. [To] (the solid and dashed lines, see above). Our Sample-L 
contains 535 (~ 4.4%) "very blue" LSBGs and 69 (~ 0.48%) 
"very red" LSBGs. Most of the sample galaxies are the "rest 
case" with mixed stellar populations. 

Heller & Brosch (2001) also present such UBV colors 
for their 29 LSB dwarf irregular galaxies from the Virgo 
cluster, and found their "very blue" is about 30% and no 
"very red" ones. These two different fractions could be eas- 
ily understood since their samples are dwarf irregular galax- 
ies, which should be blue, de Blok et al. (1995) also present 
such a UBV diagram for a small sample of 21 LSB galaxies 
gathered from literature, and they did not find any sample 
belonging to the "very red" range that O'Neil et al. sug- 
gested. 

The colors of these LSBGs are obviously different from 
those of the EO/SO galaxies but not much different from 
the Sc or later spiral galaxies with active star formation. 
As O'Neil et al. (1997b) commented, the average colors of 
EO/SO galaxies (good examples of old stellar populations) 
have ((/ - B)=0.54, {B - l/)=0.96 (Tinsley 1978); Sc or 
later spiral galaxies with active star formation typically have 
colors in the range of 0.35 ^ (B-V) 0.65, -0.2 (f/ - B) 
s; 0.4 (Huchra 1977; Bothun 1982), with mean values < 
(B - V) >~0.50, < (U - B) >~-0.20 (Bothun 1982), and 
<(!/-/) >^1.0 (Han 1992). 

The colors of our galaxies range continuously from very 
blue to very red and include a group of old galaxies, which 
show evidence of recent star formation. These LSBGs at the 
present epoch define a wide range of evolutionary states. 
This wide range is similar to that of the high surface bright- 
ness galaxies (see Sect. [4]). 
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Figure 11. Some relations of HSBGs: (a), correlation of lumi- 
nosity and disk scale length, the dashed line is the least-square 
fit for the data and the solid line is the fit for the LSBGs given 
in Fig|4] (b). correlation of distance and disk scale length, the 
dashed line is the least-square fit for the data and the solid line 
is the fit for the LSBGs given in FiglS] (c). U - B ys. B - V 
color-color diagram, the solid and dashed lines are the same as in 
FigHO] 



4 COMPARISONS BETWEEN THE HSBGS 
AND THE LSBGS 

In this section, we present the correlations between \ogh and 
Mb , log/i and distance for HSBGs, and compare them with 
those of the LSBGs. 

Figure [TTb shows the clear correlation of luminosity and 
disk scale length for the HSBGs. This correlation can also 
be given by a least-square fit by the dashed line as: 

log h = -0.184(±0.0009)A/s - 3.135(±0.018), (10) 

with the standard deviation of 0.10 dex. The Spearman- 
Rank Order correlation coefficient is -0.846. The solid line 
refers to the corresponding least-square fit for the LSBGs 
given in Fig|31 which is shallower than the dashed line. The 
discrepancy between the solid and dashed lines means that 
at a given luminosity, the LSBGs need to be larger than the 
HSBGs if both of them can be detected and observed; and 
with a given disk scale length, the HSBGs are brighter than 
the LSBGs. 

Figure [TTb shows the correlation between the distance 
and disk scale length for the HSBGs. This correlation can 
be given by a least-square fit (the dashed line in the figure) 



as; 

log ft = 0.601(±0.005) log_D - 0.961(±0.012), (11) 

with the standard deviation of 0.14 dex. The Spearman- 
Rank Order correlation coefficient is 0.710. The same, the 
solid line refers to the least-square fit for the LSBGs. The 
discrepancy between the solid and dashed lines means that 
at a given distance, the LSBGs need to be larger than the 
HSBGs if they can be detected and observed, in another 
word, with a given disk scale length, the HSBGs could be 
observed at a farther distance. 

Figure lllb shows the color-color diagram of (17 — B) 
and [B — V) of the HSGBs. The ranges of the two colors are 
almost similar to those of the LSBGs, but the HSBGs show 
less scatter here. It also shows that the HSBGs have larger 
fraction of the "very red" objects than in the LSBGs, i.e., 
the fraction is 2.1%, higher than the 0.48% in the LSBGs, 
and the fraction of the "very blue" objects in the HSBGs is 
about 4.0%, which is a bit lower than the 4.4% in the LSBGs. 
This is acceptable since the HSBGs could have more older 
stellar populations than the LSBGs. The others are the mix 
of old and young stellar populations. 



5 THE VOLUME-LIMITED SUB-SAMPLE 

Since we are looking for the property relations of low sur- 
face brightness galaxies, it is important to discuss the com- 
pleteness of the sample at the low surface brightness end. 
As Blanton et al. (2005b) discussed, the incompleteness at 
low surface brightness is due primarily to two effects. First, 
the inappropriate shredding by the photometric deblender 
of low surface brightness galaxies, which often relates to the 
presence of nearby stars. This shredding tends to reduce the 
galaxy fluxes to well below the flux limits of the survey. 
Second, for many galaxies the flux is significantly reduced 
because the sky subtraction determination subtracts a sub- 
stantial fraction of the galaxy light. 

Blanton et al. (2005b) discussed the contributions to 
completeness as a function of surface brightness, the r-band 
Petrosian half-light surface brightness /xso.r- In their Fig. 3, 
they present the completeness of the SDSS photometric cat- 
alog, the tilling catalog (the SDSS spectroscopic targeting 
with respect to the photometric catalog), the redshift of 
the spectroscopy for targets that have been observed, and 
the total of these three. It shows that, for those brighter 
ones with /iso.r <23 mag arcsec"'^, the completeness of the 
spectroscopy is very close to 100%, which is consistent with 
Strauss et al. (2002), who discussed the high completeness 
of the SDSS main galaxy sample. This ^50, r cut just cor- 
responds to /io(B)=24.5 mag arcsec"^, which could be ob- 
tained from the fitted relation for our whole sample galax- 
ies: /io(B) = l.lllx /i5o,r-1.274. But for the photometric and 
tilling catalogs, they show obvious incompleteness within 
M50,r=22-23 mag arcsec"^ (corresponding to A'o(B) about 
23.2-24.3 mag arcsec"^), then the total completeness there 
could decrease to be about 70%. 

To avoid the effects of the incompleteness on the prop- 
erty relations derived from our sample galaxies, and to check 
that the obtained trends (Fig. IHlOp are real or arise from se- 
lection effects, we extract a volume-limited sub-sample from 
the Afr — z plane by considering 2; < 0.1 and those brighter 
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Figure 12. Distributions of the property relations of the volume- 
limited sub-sample corresponding to Fig. |3] (a), the total B-band 
apparent magnitudes with ^o(B); (b). the distance of the galaxies 
with /io{B), the upper cut corresponds to the redshift cut, z <0.1; 
(c). the S-band absolute magnitudes with /io(B). The solid lines 
are the median- value points within the bins of fio{B). The long- 
dashed lines are the same as Fig. |3] 



ones than the corresponding Mr, and then re-obtain such re- 
lations, which are given by Fig.[T2]and Fig. 1131 This volume- 
limited sample includes 3313 LSBGs and 4722 HSBGs. 

Corresponding to Fig.|3l Fig. ll2l shows the distributions 
of this volume-limited sub-sample in the relations between 
ms, distance, Mb and /io(B). This sub-sample is similar to 
that entire sample selected from magnitude in their relations 
of m_B and ^io(B) (Fig. I12b .\ The upper cut of distance is 
the redshift cut of z — 0.1, and both of the LSBGs and HS- 
BGs do not show correlations between distance and /.to(B) 
now (Fig. 112b ). For the LSBGs in this volume-limited sub- 
sample, there exists a weak correlation between Mb and 
^o(B), but no correlation for the HSBGs (Fig. 112b ). How- 
ever, because of the redshift cut and the corresponding Adr 
magnitude cut for this volume-limited sub-sample, some dis- 
tant brighter objects and the nearby faint ones are lost from 
the entire sample, thus the range of Mb becomes narrower. 

To further check whether the property relations of 
sample-L galaxies presented in Figs. I1I2I4I101 are kept or 
not in this volume-limited sub-sample, we re-obtained all 
the related plots. Fig. [13] shows some of them. Fig. \l3k-d 
show the same histogram distributions as Fig. (2] but for the 
volume-limited sub-sample. They show that the median val- 
ues of redshift, disk scale length a and h, B-band absolute 
magnitude are 0.079, 4.35 arcsec and 6.27 kpc, -20.21 mag. 
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Figure 13. The property parameters of the LSBGs in the 
volume-limited sub-sample, (a-d) The same histogram distribu- 
tions as Fig.[2^-d. (e). Histogram distribution of /^o(B) (as Fig.[T]l, 
the blank histogram is for the 3313 LSBGs and the shadowed 
one is for the 4722 HSBGs with the separating value of 22 mag 
arcsec"^. (f). Disk scale length vs. luminous, with the solid line 
as the linear least-square fit, and the long-dash line is the fit for 
the entire sample of LSBGs given in Fig. |4] (g). Distribution of 
disk scale length and central surface brightness, and the solid line 
is for the median- value points (as Fig. [7]l. (h). UBV color-color 
diagram (as Fig. I10|l. 



respectively. Fig. I13fe presents the histogram distribution of 
^o(B), which is similar to Fig. [1] for the entire sample, and 
with median values of 22.37 for the 3,313 LSBGs and 21.43 
for the 4,722 HSBG, srespectively. Fig. [I3f shows the rela- 
tions of log/i versus Mb (the solid line refers to the linear 
least-square fit) , which corresponds to Fig. [4] and is quite 
similar to that (the dashed-line) . Fig. 113b shows that there 
is a correlation between log/i and /io(B), which was not seen 
in Fig.[7]for the magnitude-limited sample galaxies. Fig. ll3h 
show the U — B vs. B — V color-color diagram, which is quite 
similar to the magnitude-limited sample given in Fig. llOl and 
means that most of these LSBGs have mix of young and old 
populations. For other relations related to distance, it is not 
interesting to show the distribution because of the redshift 
(distance) cut. For the color vs. log/i and /io(B) relations, 
this volume-limited sub-sample shows similar trends to our 
entire magnitude-limited LSBGs (Fig. |S} , and the weak cor- 
relation in Fig. [8^ disappear here. We did not present them 
as plots. 
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6 OPTICAL AND NEAR INFRARED 

SURFACE PHOTOMETRY AND STELLAR 
POPULATIONS OF LSBGS 

The color-color diagram of galaxies can give some hints 
about their ages and metallicities and hence the stellar pop- 
ulations. But the well-known problem in this is the degen- 
eracy of age and metallicity of galaxies. The recent studies 
show that the combination of optical and NIR colors could 
break this degeneracy. Thus several optical-NIR color-color 
diagrams have been used for this purpose for the LSB galax- 
ies (Romanishin et al. 1982; Bergvall et al. 1999; Galaz et 
al. 2002, 2006; Bell et al. 1999, 2000; Monnier Ragaigne et 
al. 2003; MacArthur et al. 2004; Bell & de Jong 2000 for 
spiral galaxies). In this section, we obtain and present the 
optical-NIR color-color diagram {{R — K) vs. [B — R) as an 
example) of our whole sample galaxies and show their stel- 
lar populations by comparing with the stellar population 
synthesis models with different metallicities and ages. 



6.1 Cross correlation with 2MASS 

The 2MASS is a ground-based, near-infrared full-resolution 
for each extended imaging survey of the whole sky and its 
Extended Source Catalog (XSC) contains almost 1.6 million 
galaxies (Skrutskie et al. 1997; Cutri et al. 2000; Jarrett et 
al. 2000a,b). 2MASS has imaged the entire celestial sphere 
in the near- infrared J (1.1 1-1. 36mm), H (1.50-1.80) and Ks 
(2.00-2.32) bands (we use K hereafter) using two identical 
dedicated 1.3-meter telescopes for detecting brighter than 
14th mag at K with angular diameters greater than ~10 
arcsec. It has a 95% completeness level in J, H and K of 
15.1, 14.3 and 13.5 mag, respectively. 

The NYU-VAGC contains a matched sample between 
the SDSS and 2MASS XSC. We do cross-correlation between 
Sample-L (as weU Sample-H) and the 2MASS-XSC cata- 
log matched by NYU-VAGC with the error ellipse within 
3 arcsec. The resulting samples are Sample-L2 with 
1,878 (15.29%) LSB galaxies and Sample-H2 with 5,320 
(29.47%) HSB galaxies, respectively. The fraction detected 
by the 2MASS NIR for the LSBGs is only half that of 
the HSBGs. This can be understood naturally because the 
galaxies with lower surface brightness could be lost more 
eeisily in a shallower survey, or due to their relatively bluer 
colors. 

Mcintosh et al. (2006) has carefully discussed the com- 
pleteness of 2MASS. From the cross correlation with the 
main galaxy sample of the SDSS, they found that 2MASS 
detects 90% of SDSS galaxies brighter than r =17 mag. 
These detections span the representative range of optical 
and near-infrared galaxy properties, but with a surface 
brightness-dependent bias that preferentially misses sources 
at the extreme blue and low-concentration end of parame- 
ter space, which are consistent with the most morphologi- 
cally late-type galaxy population. An XSC completeness of 
97.5% is achievable at bright magnitudes, with blue low- 
surface-brightness galaxies being the only major source of 
incompleteness. Even with this bias of surface brightness, 
our qualitative conclusion about the mix of stellar popu- 
lations of LSBGs is still reasonable as will be discussed in 
Sect.5.2. 

We should guarantee that the SDSS and 2MASS mag- 



nitudes are measured within the same aperture when we 
obtain the optical-NIR colors of the galaxies. We adopt the 
method of Chang et al. (2006a, b) to do the aperture correc- 
tions for the magnitudes, i.e., to correct the SDSS magni- 
tudes to the same aperture where the 2MASS magnitudes 
are measured. To do so, we firstly adopt the isophotal fidu- 
cial magnitudes oi J, H and K magnitudes provided by the 
2MASS, which are measured within the circular aperture 
corresponding to a surface brightness of 20.0 mag arcsec"^ 
in the K-hand. The aperture was denoted by RK20fc- Then 
we use the Prof Mean measurements provided by the SDSS 
to match the circular aperture of the i?K20/c in 2MASS. The 
Prof Mean parameter is the azimuthally averaged surface 
brightness in a series of 15 circular annuli, which has been 
given in all the SDSS u,g,r,i,z photometric magnitudes. All 
the magnitudes are corrected for Galactic extinction and K- 
correction following the same method mentioned in Sect. 12.1] 



6.2 Optical-NIR color-color diagram and stellar 
populations 

In Fig. [2] we show the optical-NIR diagrams of (i? — K) vs. 
(B-R): (a) for Sample-L2; (b) for Sample-H2. The overplots 
are the stellar population synthesis models obtained by Bell 
et al. (2000) using the GISSL98 implementation of the stellar 
population models of Bruzual & Chariot (2003), where the 
horizontal lines refer to the different metallicities and the 
vertical lines refer to the different characterized e-folding 
time-scale r of their star formation. They adopted a Salpeter 
(1955) initial mass function (IMF) where the lower mass 
limit of the IMF was 0.1 Mq and the upper mass limit was 
125 Mq, and an exponentially decreasing star formation rate 
characterized by an e-folding time-scale r and a single, fixed 
stellar metallicity Z. Given the joint evidence of the WMAP 
that the last electron scatter was about 13.7 billion years ago 
and that stars formed 200 million years afterward (Bennett 
et al. 2003), it is reasonable to fix the model star formation 
at 12 Gyrs ago. It was assumed that the IMF does not vary 
as a function of time and galactic environment. 

These results show that the LSBGs have a mix of 
old and young stellar populations with metallicities Z — 
0.0004 — 0.05 and ages, or the e-folding time scale of star 
formation rate, r = — 16 Gyrs. So the continuous range of 
colors, from very blue to very red, clearly shows that LSB 
galaxies at the present epoch define a wide range of evo- 
lutionary states. The HSBGs also show a similar trend in 
this optical-NIR color-color diagram although some of them 
show a bit redder colors. Although part of the low surface 
brightness galaxies are excluded when the 2MASS criteria is 
applied (see Sect. 5.1), this qualitative conclusion of mixed 
population of LSBGs is still believable. Fig. I15b .b present 
the detected (Fig. a) and non-detected (Fig.b) LSBGs by 
2MASS in the relation of {U - B) vs. {B-V), respectively. 
The contours show the 68.3% confidence level of the data 
points and the large squares in the center show their peaks. 
Although the 2MASS-detected galaxies are biased a bit to 
the population with redder colors than the non-detected 
ones by 2MASS, most of the detected ones (Sample-L2) still 
show a mix of young and old stellar populations since they 
belong to the "rest case" of stellar populations suggested by 
O'Neil et al. (1997a,b). 
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Figure 14. Trends in tlie B — R and R — K optical-NIR color- 
color diagram for Sample-L2 in (a), Sample-H2 in (b)). The grids 
with different metallicities and ages are given by Bell et al. (2000) 
by using the GISSL98 implementation of the stellar population 
models of Bruzual & Chariot (2003). 
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Figure 16. Color-magnitude relations of the sample galaxies. 
The optical-NIR, r—K color and the absolute magnitude in r-band 
Air are contained: (a). Our sample of Sample-L2. (b). Our sample 
of Sample-H2. (c). It shows the comparisons among Sample-L2, 
(the solid line), Sample-H2, (the long-dashed line), and the results 
of Chang et al. (2006b, the dotted lines) for spiral galaxies. 
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Figure 15. U — B versus B-V diagrams of the 2MASS-detected 
LSBGs (fig. a, our Sample-L2) and the non-detected ones (fig.b). 
The horizontal and vertical lines as in Fig. 1101 The contours show 
the 68.3% confidence level of the data points and the large squares 
in the center show the peaks of them (please see the online color 
version for more details). 

6.3 Color-magnitude diagrams 

It was known that early-type galaxies in nearby clusters ex- 
hibit a tight color- magnitude relation (CMR), that is, more 
luminous early-type galaxies tend to have redder colors. This 
relation has been mainly ascribed to the metallicity effect 
(Chang et al. 2006a and the references therein). 



The tight CMR of late-type galaxies have also been 
identified by many studies, such as Visvanathan & Grier- 
smith (1977), Blanton et al. (2003), Baldry et al. (2004), 
but with a different slope than the early-type galaxies. The 
optical-NIR CMR of spiral galaxies have been obtained for 
some samples. Chang et al. (2006b) present the CMR of a 
large sample of spiral galaxies selected from the SDSS and 
2MASS. They found that the colors for faint galaxies have 
a very weak correlation with the luminosity, whereas the 
colors for bright galaxies are redder than those for less lumi- 
nous galaxies. By comparing with stellar population synthe- 
sis model, they found that massive late-type galaxies have 
older and higher-metallicity stellar populations than those 
of less-massive galaxies. 

In Fig. 116b we present the CMR for Sample-L2 for the 
relation of optical-NIR (r — K) colors and r-band abso- 
lute magnitudes Mr- Fig. 116b shows the same relations for 
Sample-H2. It seems there is no obvious difference between 
the LSBGs and the HSBGs in this relation, but the scatter 
of the HSBGs are a bit larger than those of the LSBGs. Both 
of them show that the brighter galaxies have redder colors 
than the less bright ones. Fig. I16fc shows the comparisons 
among the results of Sample-L2, (the solid line), Sample- 
H2, (the long-dashed line), and that result of Chang et al. 
(2006b, the dotted line) for the SDSS spiral galaxies in the 
color-magnitude diagram. It shows the larger sample of spi- 
ral galaxies in Chang et al. (2006b) is a bit redder in (r — K) 
color than our samples at a given magnitude, which may be 
because we selected the galaxies with less bulge-component 
with fracDeVr <0.25, whereas they adopted <0.5, or these 
LSBGs had less star formation in the past. Ifowever, maybe 
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it is not very reliable to compare with Chang et al. (2006b) 
here since we did not exactly follow them to do the emission- 
line corrections for the CMR, because we think it strongly 
depends on models. However, the general trend of brighter 
galaxies showing redder {r~K) colors is real for these galax- 
ies. Other colors, such as [g — r), (r — i), (r — z), (r — J), and 
(J — K), as presented in Chang et al. (2006b), also show a 
similar trend in their relations with Mr. 



7 DISCUSSIONS AND CONCLUSIONS 

Low surface brightness galaxies (LSBGs) are important pop- 
ulations in the Universe. They were studied little in the past 
due to the observational limits of their low surface bright- 
ness. The fantastic modern SDSS survey of large sky cover- 
age area is unique for such studies because it detects as many 
low surface brightness galaxies. We select a large sample of 
12,282 LSBGs from the main galaxy sample of SDSS-DR4 
database, and present their basic properties in this paper. 
The results are summarized as follows. 

(i) Firstly, we select 30,333 nearly face-on disk galaxies 
with Mb < —18 from the main galaxy sample of SDSS- 
DR4. Their surface brightness profiles can be fitted well by 
an exponential disk. The B— band central surface brightness 
of these disk galaxies distribute in a range of 18.5 <jj,o{B)< 
24.5 mag arcsec"^. This sample was then divided into two 
sub-samples: Sample-L (12,282, the LSBGs) and Sample-H 
(18,051, the HSBGs) by the surface brightness value of 22 
mag arcsec"^. The median fio{B) of Sample-L is 22.42 mag 
arcsec"'^ and the mean value is 22.50 mag arcsec"^. The 
median and mean values of Ho{B) of Sample-H are 21.41 
and 21.29 mag arcsec"^, respectively. 

(ii) The scale length h of Sample-L are from 2 kpc to 19 
kpc with the median scale length of 5.98 kpc. These values 
are similar to those scale lengths of Sample-H, which means 
that the LSBGs and HSBGs are comparable in size. 

(iii) The absolute B-band magnitude Mb of Sample-L are 
from -18 to -23 mag with the median value of -20.08 mag and 
the mean value of -20.06 mag. These values are similar to 
those Mb of Sample-H (-20.47 and -20.41 mag respectively), 
which means that the LSBGs are not necessarily faint, and 
their luminosities are comparable to those of the HSBGs. 

(iv) Some relations between the property parameters 
show the selection effects of the survey observations, such as 
the apparent magnitude vs. jj,o{B), distance versus fio{B), 
absolute magnitude versus ^o{B), distance versus disk scale 
length, and the distance versus absolute magnitude. These 
relations show that the galaxies with higher surface bright- 
ness tend to be detected at farther distance; and the galaxies 
observed at farther distance are also brighter and have larger 
disk scale lengths. 

(v) A fundamental correlation to the sample galaxies is 
the disk scale length log/i versus absolute magnitude Mb- 
For Sample-L, the scale length log/i and absolute magnitude 
Mb show very tight correlation, meaning that the brighter 
galaxies tend to be larger. The tight correlation between 
log/i and Mb also exists in the HSGBs, but with a slightly 
steeper slope, which means that, at a given Mb , the observed 
LSBGs tend to be larger than the HSBGs, and for a given 
size of galaxies, the observed HSBGs tend to be brighter 
than the LSBGs. 
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Figure 17. (a). Correlation of disk scale length and luminosity 
for the whole sample galaxies: LSBGs (the solid line); ISBGs (the 
dot-long dash hne); HSBGs (the long-dash hne); VHSBGs (the 
short-long dash line), (b). Correlation of disk scale length and 
distance of the whole sample galaxies, and the lines represent the 
same means as (a). 



(vi) There is no obvious correlation between colors and 
central surface brightness f^o{B) for our large sample of LS- 
BGs. The correlation between colors and disk scale length 
(log/i) is weak even though it exists. 

(vii) The color-color diagrams of {U — B) vs. {B — V) 
show that most of our LSBGs have a mix of young and old 
stellar populations. Following the definitions of O'Neil et al. 
(1997a,b), our sample may contain about 4.4% (535 out of 
12282) "very blue" LSB galaxies with {U - B)<-0.2 and 
{B ~ V)<0.6, and ~0.48% (69 out of 12282) "very red" LSB 
galaxies with {U ~ B)>0.3 and {B-V)>0.8. These fractions 
are 4.0% and 2.1% for our HSBGs, respectively. 

(viii) A volume-limited sub-sample was extracted by con- 
sidering z < 0.1 and brighter than the corresponding Mr, 
which is complete and can be used to check the incomplete- 
ness of surface brightness (especially at the low end) , and to 
check how the property relations change. The only one with 
obvious change is the relation of log/i versus /io(B), which 
shows a correlation in this sub-sample. 

(ix) The optical-NIR color-color diagrams can break 
the degeneracy of age and metallicity. By doing cross- 
correlations between the SDSS and 2MASS datasets, we 
obtain the NIR color sample of Sample-L2 (15.29% of the 
Sample-L), and such sample of Sample-H2 (29.47% of the 
Sample-H). The smaller detected fraction of LSBGs is not 
unexpected. 

The color-color diagram of (ii — K) vs. {B — R) clearly 
shows the stellar populations of the sample galaxies by com- 
paring with the predictions of the stellar population synthe- 
sis models. This shows that our LSBG samples have a wide 
range of ages and metallicities, from Z=0.0004 to Z=Zq, 
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Figure 18. U-B versus B-V diagram: (a). LSBGs, (b). ISBGs, 
(c). HSBGs, (d). VHSBGs. The horizontal and vertical lines are 
the same as in Fig. llUI The contours and the squares are the same 
as in Fig. 1151 (please see the online color version for more details). 



even Z=0.05, and the exponential infall time-scale r is from 
to 16 Gyrs. It confirms that most LSBGs have a mix of 
young and old stellar populations. 

(x) The color-magnitude relations {{r — K) vs. Mr) of 
our LSBGs confirm that there exist the CMR for the spi- 
ral galaxies with low surface brightness, showing that the 
brighter LSBGs tend to be redder. And, the HSBGs do not 
show obvious differences from the LSBGs on their CMRs. 

(xi) We have attempted to divide our total nearly face- 
on disk galaxies (30,333) into four sub-groups accord- 
ing to their surface brightness by following McGaugh 
(1996): the VHSBGs with /xo(B)<21.25 mag arcsec"^ the 
HSBGs with 21.25</xo(-B)<22 mag arcsec"^ the ISBGs 
with 22</io(B)<22.75 mag arcsec"^) and the LSBGs with 
22.75</xo(i3)<24.5 mag arcsec"^. Similar to the compar- 
isons between LSBGs and HSBGs in Sect.|4l these four sub- 
groups do show obvious difference in the relations of log/i vs. 
Mb, log/i vs. logD, and some difference in the color-color di- 
agram of {U — B) vs. {B — V) as given in Fig.lTTland Fig.fTSl 
Fig. 117b . shows that, at a given Mb or scale length log/i, the 
observed galaxies in the four sub-groups show the gradual 
increase in their scale length or gradual decrease in their 
luminosity following the decreasing surface brightness. The 
four lines refer to the linear least-square fits for the data 
in the four sub-groups. To show the scatter of the data as 
well, we obtained their standard derivations as 0.057, 0.049, 
0.050, 0.093 dex for the LSBGs, ISBGs, HSBGs and VHS- 
BGs, respectively. Fig. 117b also shows such gradual changes 
in their relations of scale length and distance. Similarly, the 
four lines refer to the linear least-square fits for the data in 
the four sub-groups, and the standard derivations of the data 
to the fittings are 0.092, 0.096, 0.098, 0.13 dex for the LS- 
BGs, ISBGs, HSBGs and VHSBGs, respectively. Fig. 
presents the discrepancies between their stellar populations 
among the four sub-groups. Even with large scatter, the LS- 
BGs do generally show slightly bluer {B — V) color than 
others, and there are almost no the "red populations" in 



the LSBGs. It also shows the VHSBGs consist of more "red 
populations" than other groups. The counters refer to the 
68.3% confidence level of the data points, which show the 
gradually redder [B — V) colors of the sub-groups following 
their increasing surface brightness. 

In summary, this large sample (12,282) of LSBGs greatly 
extends the known sample of LSBGs up to date. This is 
the first paper of our series work about the large sample of 
LSBGs to present the distributions of some property param- 
eters of them, and to provide more information about some 
of their fundamental properties, e.g. the tight correlations 
between log/i and Mb, log/i and logD, moreover, it presents 
their stellar populations by using the color-color diagrams 
of them. 

In the following work, we will discuss more about the 
major issues of these "populations", such as why they are 
LSBGs with small star formation rates, what is their to- 
tal mass content and M/L ratios, and what is their total 
contribution to the baryonic/total mass etc. We will also 
obtain their metallicities in interstellar gas from emission 
lines. The detailed surface photometry and color gradients 
will be also studied in detail. Moreover, some more efforts on 
other aspects are also needed, such as to extend the studies 
of edge-on galaxies, but the dust effects must be considered 
carefully then. 
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